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Proactive control of wind turbine with
blade load constraints
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Abstract
This paper describes an easy-to-implement, proactive control strategy for wind turbines, incorporating constraints on
blade loads. The control strategy is aimed for rejecting wind gusts and is based on upwind speed measurements and a
new statistical wind gust detection mechanism. The control action comprises simultaneous driveline and collective pitch
control with constraints on flapwise bending moment. The controller is evaluated by simulation on a transient between
two steady-state operational modes of the wind turbine. A new driveline backstepping-based controller with integral
action for compensation of steady-state errors is also proposed and verified by simulations.
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Introduction
New laser sensor technologies are capable of measuring
wind speed at a distance in front of the wind turbine with
relatively high sample rates.1–3 This allows detection of
rapidly changing wind gusts and opens up new opportu-
nities for the development of forward-looking turbine
control systems. Model predictive control (MPC) is one
of the most suitable proactive techniques based on
upwind speed measurements.3–7 MPC can successfully
cope with rapid transients of the wind speed detected at
a distance in front of the turbine. Running MPC is
meaningless and computationally expensive in the case
where wind speed changes slowly. This necessitates the
development of a proactive turbine control strategy that
reacts only on the rapid wind speed transients, detected
at a distance in front of the wind turbine. To this end the
development of a detection mechanism that detects sig-
nificant changes (transients) in the upwind speed is
required. Describing the wind speed as stochastic fluctua-
tions around a time-varying mean value, a statistical
detection mechanism that detects significant changes in
the mean value of the wind speed is needed.
Collective pitch control7–9 is usually used as a tool to
limit a turbine power when the wind speed is above rated
speed and the generator torque control signal is saturated.
Turbine power limitation may be also required due to:
 ageing and wearing of the turbine components;
 nasty sea states in the case of offshore turbines (a
sea state is characterized by the wave height, period
and power spectrum – the sea state depends on the
wind and swell conditions);
 surface roughness on the blades, arising from tur-
bine icing in cold climate;
 some other cases.
The turbine power limitation methods are unified in
this paper via the introduction of constraints on blade
loads. In this paper the blade loads are understood to
be the steady-state blade root flapwise and edgewise
bending moments.
Those constraints on loads are usually not taken into
account explicitly at the design stage of MPC, and hence
the trade-off between load constraints and power pro-
duction has not been investigated. Despite the fact that
the MPC framework allows inclusion of load con-
straints, in the form of penalty in performance index, to
be minimized,10,11 the resulting computational burden of
MPC might be quite heavy in this case, diminishing its
advantages with respect to simple and easy-to-implement
control schemes. This in turn motivates the development
of a simple and computationally efficient proactive tur-
bine control strategy where the control goals are directly
associated with constraints on blade loads.
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A new method of limitation of a turbine power via
constraints on blade loads is one of the main contribu-
tions of this paper. This method quantifies a trade-off
between power production and blade load mitigation,
which in turn increases the lifetime of the turbine,
reduces vibrations and implies significant savings com-
pared to existing methods.
A transient between two steady-state operational
modes of a turbine due to a wind gust is studied in this
paper as an example. A new proactive control strategy
is based on:
 a new statistical upwind gust detection mechanism;
 proactive pitch actuation;
 blade load mitigation when the gust comes to the
turbine;
 a new simultaneous closed-loop rotor speed and
pitch angle control with load constraints to achieve
maximum efficiency.
This proactive controller is able to cope with fast
wind speed transients detected at a distance in front of
the turbine, and pitch actuation is used as fast control
to reduce blade loads compared to slow (due to large
rotor inertia) rotor speed control.
Moreover, a new driveline control algorithm is also
proposed in this paper. The controller is based on a
new integral backstepping control design procedure for
compensation of the steady-state errors. The controller
does not require knowledge of such turbine parameters
as inertias, driveline stiffness and damping and others.
However, a priori knowledge of the turbine parameters
is used in a feedforward part of the controller. This
feedforward part can be made adjustable to compen-
sate for steady-state errors estimated by the integral
part of the controller. The controller design is based on
a nonlinear model driven by the turbine power unlike
designs described in previous papers (see for example
Sloth et al.12 and references therein), where aerody-
namic torque is used as an external input making the
model linear, which might simplify a design, but ignores
an important dependence of the aerodynamic torque
from the turbine speed, which in turn might have an
impact on performance and even the stability of a con-
trol system. Besides, the resulting controller gains of
the backstepping controller are not high compared to
the gains of robust controllers reported in previous
papers, see again Sloth et al.12 High controller gains
imply undesirably high generator torque to achieve
desired actuation and hence higher than needed power
consumption.
Notice that the driveline controller proposed in this
paper can also be used to control a driveline of automo-
tive vehicles.
The contributions of this paper can be summarized
as follows:
 a new proactive turbine control strategy in the pres-
ence of constraints on blade loads;
 a new method of a wind gust detection based on a
statistical detection of a transient in a mean value of
wind speed;
 a new driveline backstepping-based control
method.
This paper is divided into two main parts. A wind
turbine model and control problem statement are
described in the next section. A backstepping-based dri-
veline control and proactive control strategy are
explained in the subsequent section. The paper finishes
with some concluding remarks.
Turbine model and problem statement
Turbine model
Aerodynamic model. A wind turbine converts energy
from the wind to the rotor shaft that rotates at a speed
vr. The power of the wind Pwind=
1
2 rAV
3 depends on
the wind speed V, the air density r, and the swept area
A=pR2 with the rotor radius R, when assuming uni-
formity of the wind speed across the rotor swept area.
From the available power in the swept area, the power
on the rotor Pr is determined by the power coefficient
Cp(l,b)=Pr=Pwind, which in turn depends on the pitch
angle of the blades b and the tip–speed ratio
l=vrR=V (see Figure 1)
Pr=PwindCp(l,b)=
ArV3Cp(l,b)
2
ð1Þ
The aerodynamic torque applied to the rotor is given as
Ta=
Pr
vr
=
ArV3Cp(l,b)
2vr
ð2Þ
Drive train model. The drive train model consists of a
low-speed shaft rotating with a speed vr and a high-
speed shaft rotating with a speed vg, having inertias Jr
and Jg respectively. The shafts are interconnected by a
gear with ratio N. A torsion stiffness Ks together with
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Figure 1. Power coefficient Cp(l,b) = Pr=Pwind as a function of
the pitch angle of the blades b and the tip–speed ratio l=vrR=V.
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a torsion damping Kd result in a torsion angle a that
describes the twist of the flexible shaft.
In summary, the nonlinear model of the drive train
with the loading torque from the generator Tg as a con-
trol action, with the turbine power Pr as an input and
with rotational speed vr as output is given by
12,13
Jr _vr=
Pr
vr|{z}
=Ta
Ksa Kd _a ð3Þ
Jg _vg=
Ks
N
a+
Kd
N
_a Tg ð4Þ
_a=vr  1
N
vg ð5Þ
The driveline model (3)–(5) is a nonlinear model driven
by the turbine power Pr unlike models described in pre-
vious papers (see Sloth et al.12), where aerodynamic tor-
que Ta=Pr=vr is used as an external input making the
model linear, which might simplify a design, but does
not account for the important dependence of the aero-
dynamic torque on the turbine speed. Notice that the
turbine power also depends on the rotor speed via tip–
speed ratio. This dependence can be accounted for via a
polynomial model of the power coefficient as a function
of tip–speed ratio. This idea is, however, not developed
in this paper for the sake of simplicity.
It is assumed that the turbine speed and generator
speed are measurable and the torsion angle is estimated
using equation (5).
Pitch actuator model. A pitch actuator that tracks a
desired command bd is modelled as a first-order lag
with the rate and range constraints
_b=  1
t
b+
1
t
bd(t td) ð6Þ
jbj4Cb, j _bj4C _b ð7Þ
where t is a time constant, td is a communication delay,
and Cb and C _b are positive constants which define
range and rate constraints, respectively.
The parameters of the turbine model described
above are detailed in the Appendix.
Steady-state blade operational loads. The loading of
wind turbines is extremely complex to model but it is
very important for the control design. Steady-state
(static) loading is proposed in this paper to describe
flapwise and edgewise blade root bending moments on
the blades (see IEC-61400-13, Section 3.3.2 ‘Load
Quantities’14). This type of loading is constant (or
slowly varying) in time and the resulting deflection of
the blades is also constant and proportional to the
blade stiffness. Therefore flap- and edgewise blade root
bending moments can be described as look-up tables
(surfaces in three-dimensional (3D) space) with tip–
speed ratio and blade pitch angle as input variables.
Such a surface that describes the flapwise blade root
bending moment as a function of tip–speed ratio and
blade pitch angle is shown in Figure 3. Notice that the
flapwise bending moment depends also on the magni-
tude of the wind speed, and not only on the tip–speed
ratio. This dependence results in a number of sand-
wiched surfaces of bending moments as a function of
absolute value of wind speed, where larger bending
moments correspond to higher wind speed. This depen-
dence is not accounted for in this paper for the sake of
simplicity. It is assumed that the change of absolute
value of wind speed due to a wind gust (a transient
from one low wind speed to another one) is small
enough and does not have a significant impact on the
flapwise bending moment surface.
Notice that static flap- and edgewise bending
moments were calibrated via the simulation of a high-
fidelity computational model of turbine. Stochastic
fluctuations in the wind speed model (see the next
section) are accounted for via sufficiently long realiza-
tions to ensure the statistical reliability/consistency of
turbine load estimation. The requirements for the
length of these realizations are well formulated in
Section 7.5 ‘Load Calculations’ of IEC-61400-1,15 and
in Section B.2.3 ‘Mean Load Versus Mean Speed’ of
IEC-61400-13.14
A simple time series wind speed model. The wind is mod-
elled as a discretely measured stochastic process (a
sequence of random variables) with a mean value that
changes in time and with normally distributed stochas-
tic variations around the mean16
Vk=Vmk+ dVk ð8Þ
where E½Vk=Vmk, where E is a mathematical expecta-
tion, and dVk is a normally distributed variable with
zero mean and variance s2k. A wind speed time series is
shown in Figure 4.
A turbine power maximization problem statement
The turbine control problem is to choose a desired gen-
erator torque Tg and desired blade pitch angle bd in
order to maximize the turbine power Pr under the con-
straints on the flap- and edgewise bending moments
Pr ! Prmax ð9Þ
Mf(l,b)4Cf ð10Þ
Me(l,b)4Ce ð11Þ
where Prmax is the maximum turbine power available
under the constraints (10) and (11), and Cf and Ce are
positive constants. Moments Mf(l,b) and Me(l,b) are
steady-state flap- and edgewise bending moments
respectively.
This problem statement represents a trade-off
between turbine power production and blade load miti-
gation. Tighter constraints on bending moments imply
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a larger drop in power production. In other words, tur-
bine load mitigation is achieved at the expense of tur-
bine power production.
Despite the fact that the steady-state loads are prop-
erly accounted for at the design stage of the wind tur-
bine, a blade load control is still required on account of
the possible deterioration of the turbine performance
due to the temperature variations and ageing and wear-
ing of the turbine components.
Determination of maximum power under load
constraints (projection algorithm) and trajectory
tracking problem statement
The next step is to find a desired turbine speed and
blade pitch angle that maximize the turbine power
under the constraints on the flap- and edgewise bending
moments described in the previous section. The maxi-
mum power delivered by the turbine is determined by
the power coefficient Cp(l,b) plotted in Figure 1, if the
constraints on loads are not considered. The relation-
ship between constraints on load and power production
is explained in Figures 2 and 3. In Figure 3 the flapwise
bending moment is plotted as a function of tip–speed
ratio and pitch angle. Bounding of the flapwise bending
moment implies restrictions on the tip–speed ratio and
blade pitch angle. Admissible tip–speed ratios and pitch
angles are determined by projection of the intersection
line (intersection between the flapwise bending moment
and its upper bound) plotted in Figure 3 on the plane
of tip–speed ratio and pitch angle. Such a projection
defines a cut surface in Figure 2 which in turn restricts
the turbine power coefficient. The maximum power
coefficient under constraints is achieved at the intersec-
tion point between the cut surface and the line that
defines the maximum coefficient at each value of the
pitch angle as shown in Figure 2. Restrictions on the
edgewise bending moment can be accounted for in a
similar way. Finally, optimal values of the tip–speed
ratio and pitch angle which maximize the power coeffi-
cient under constraints on flap- and edgewise bending
moments can be found. Therefore, the turbine power
maximization problem statement described in the previ-
ous section is reduced to the tracking problem of the
optimal/desired values of the tip–speed ratio and pitch
angle.
The turbine control problem is a driveline control
problem, namely to choose a desired generator torque
Tg to track a desired turbine speed vrd
lim
t!‘vr(t) vrd=0 ð12Þ
In addition, the blade pitch angle should converge to
the desired blade pitch angle bd
lim
t!‘b(t) bd=0 ð13Þ
where vrd and bd are chosen to maximize the power
coefficient Cp(l,b) in the presence of constraints on
the blade bending moments (10) and (11).
The driveline and proactive control
strategies
The description of the control strategies is divided into
two parts. A driveline backstepping-based control is
described in the first part, and a preview-based control
strategy for blade load mitigation is explained subse-
quently. The behaviour of the proactive control strat-
egy is illustrated in an example with a transient between
two steady-state operational modes of the turbine
caused by a wind gust.
Driveline control based on integral backstepping
The driveline is controlled via a cascade control (see for
example Krstic et al.17 and Stotsky et al.18 and the refer-
ences therein) of the driveline torsion angle. The control
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aim is to choose a generator torque Tg so as to drive the
rotor speed vr to a desired constant rotor speed vrd.
Define desired torsion angle ad, desired generator speed
vgd and generator torque Tg as
ad=
dPr
vrdKs|ﬄﬄ{zﬄﬄ}
feedforward part
+ gr~vr+ gr1~vr1|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
feedback part
ð14Þ
~vr=vr  vrd
_~vr1 = ~vr
vgd= Nvrd|ﬄ{zﬄ}
feedforward part
+ Nga~a+Nga1~a1|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
feedback part
ð15Þ
~a=a ad
_~a1 = ~a
Tg=
dPr
vrdN|ﬄ{zﬄ}
feedforward part
+ gg~vg+ gg1~vg1|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
feedback part
ð16Þ
~vg=vg  vgd
_~vg1 = ~vg
where cPr=ðvrdKsÞ and cPr=ðvrdNÞ are estimates of the
feedforward parts Pr=ðvrdKsÞ and Pr=ðvrdNÞ respec-
tively and gr, gr1, ga, ga1, gg and gg1 are positive gains.
The feedforward parts of the controller (14)–(16) are
calculated when equating all the derivatives of the
model equations (3) to (5) to zero
0=
Pr
vrd
 Ksaf ð17Þ
0=
Ks
N
af  Tgf ð18Þ
0=vrd  1
N
vgf ð19Þ
and resolving equations (17) to (19) with respect to
feedforward torsion angle af=Pr=ðvrdKsÞ, generator
speed vgf=Nvrd and generator torque Tgf=Pr=ðvrdNÞ.
The feedforward generator torque Tgf=Pr=ðvrdNÞ
also defines a simple feedforward driveline controller
which is similar to the feedforward controller
described by Pao and Johnson7. A closed-loop system
with such a controller shows a robust performance,
but a relatively slow convergence. The convergence
rate of feedforward controller is improved in this
paper via the introduction of feedback loops in equa-
tions (14) to (16).
Equations (14) to (16) show that the mismatch
between the rotor speed vr and the desired rotor speed
vrd is controlled via the torsion angle a which in turn is
controlled via generator speed vg, and finally the gen-
erator torque controls the generator speed. Notice that
vr can be controlled more effectively via a than via vg
since Ks ... (Kd=N).
The main idea behind the rotor speed controller
becomes clear when equating a to ad and vg to vgd
with ga1 =0 which in turn results in the following sta-
ble closed-loop dynamics
Jr _vr=  Pr~vr
vrvrd
 (grKs+Kd)~vr  gr1Ks~vr1
_~vr1 = ~vr,vr(0)=vr0. 0
from which it is clear that the control aim (12) is
reached. The closed-loop performance is regulated via
positive coefficients gr and gr1.
Combining equations (3) to (5) and (14) to (16)
results in the following error model
_~vg=  agg~vg+ aga~a+ agvr~vr+Sg ð20Þ
_Sg=  agg1~vg+ aga1~a+ agvr1~vr ð21Þ
_~a=  aaa~a+ aawr~vr+ aawg~vg+Sa ð22Þ
_Sa=  aaa1~a+ aavr1~vr ð23Þ
_~vr=  awrwr~vr+ awrwg~vg+ awra ~a+Sr ð24Þ
_Sr=  awrwr1~vr+ awra1~a ð25Þ
where aga, a
g
vr, a
g
a1, a
g
vr1, a
a
wr, a
a
wg, a
a
vr1, a
wr
wg, a
wr
a and a
wr
a1
are the coefficients and agg, a
g
g1, a
a
a, a
a
a1, a
wr
wr and a
wr
wr1 are
positive coefficients, and
Sg=Dg  D^g ð26Þ
Sa=Da  D^a ð27Þ
Sr=Dr  D^r ð28Þ
D^g= a
g
g1~vg1  aga1~a1  agvr1~vr1 ð29Þ
D^a= a
a
a1~a1  aavr1~vr1 ð30Þ
D^r= a
wr
wr1~vr1  awra1~a1 ð31Þ
where Dg, Da and Dr are constant unmeasurable distur-
bances coming from the mismatch between feedforward
parts Pr=ðvrdKsÞ and Pr=ðvrdNÞ and their estimatescPr=ðvrdKsÞ and cPr=ðvrdNÞ used in the controller (14)–
(16). Disturbances Dg, Da and Dr are estimated via inte-
gral parts D^g, D^a and D^r of the controller (14)–(16).
Exponential stability of the system (20)–(31) can be
proved using the following Lyapunov function
V=
1
2
~v2g+
1
2
(~vg  Sg)2 + 1
2
~a2 +
1
2
(~a Sa)2
+
1
2
~v2r +
1
2
(~vr  Sr)2
whose derivative along the solutions of the system is
_V4g0V where g0. 0, and hence the following control
aims are reached
lim
t!‘ ~vr=0 ð32Þ
lim
t!‘ ~a=0 ð33Þ
lim
t!‘ ~vg=0 ð34Þ
lim
t!‘Sr=0 ð35Þ
lim
t!‘Sa=0 ð36Þ
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lim
t!‘Sg=0 ð37Þ
The achievement of the control aim (32) shows that the
rotor speed vr tracks the desired rotor speed vrd. This
tracking is achieved via a proper choice of the desired
torsion angle ad defined in equation (14). In other
words, the shaft is properly twisted according to ad in
order to achieve an acceptable tracking performance of
the rotor speed. The actual torsion angle a converges
to the desired torsion angle due to the achievement of
the control aim (33). The convergence of the torsion
angle is achieved due to the proper choice of the desired
generator speed vgd, and the convergence of the genera-
tor speed to the desired one follows in turn from the
achievement of the control aim (34). This convergence
is achieved due to the proper choice of the generator
torque according to (16).
The last three aims (35)–(37) are estimation aims
which show a capability of the controller to estimate
the deviations between nominal and actual feedforward
parts due to inclusion of the integral terms in controller
(14)–(16). Therefore, the values of feedforward partscPr=ðvrdKsÞ and cPr=ðvrdNÞ can be adapted so that the
following is achieved: D^g= D^a= D^r=0.
Proactive turbine control strategy for load mitigation
A transient between two steady-state operational
modes of the turbine due to a wind gust is chosen for
explanation of the proactive turbine control strategy.
This control strategy is described as a sequence of the
following events: a detection of the upwind speed
transient, pitch actuation and a closed-loop load
tracking.
First event: hypothesis-based detection of the upwind speed
transient. The wind gust detection problem is a problem
of detecting a significant (with respect to variations),
change of the mean value of the wind speed within the
wind speed model framework defined in the earlier sec-
tion ‘A simple time series wind speed model’.
A statistical wind speed transient detection can be
formulated in terms of a statistical hypothesis test
where a transient is defined as a systematic change of
the mean value in the following sequence of wind speed
measurements: V1, V2, . . . ,Vw. The hypothesis that the
mean value is constant is taken as a null hypothesis
which is tested against the alternative hypothesis that a
transient is present in the mean value of the above-
mentioned sample. It is assumed that the variance does
not change during the transient. For the hypothesis test
the sample variance is compared to the mean square
successive difference.
The statistical detection of the wind speed transient
is based on examination of the variable
r=
q2
s2
ð38Þ
where
q2 =
1
2(w 1)
Xw1
k=1
(Vk+1  Vk)2 ð39Þ
s2 =
1
w 1
Xw
k=1
(Vk  V)2 ð40Þ
and V is the sample mean value. The variable r is
approximately normally distributed for a sufficiently
large sample size, w. 20, provided Vk is normally dis-
tributed. The transient is detected provided the variance
(40) is essentially larger than (39). This hypothesis test
was described by Hald,19 and the fractiles of the distri-
bution of r= q2=s2 are given in Hald’s Table 13.6.
Detection of engine transients based on this test was
proposed by Stotsky.20
A wind gust is detected if the null hypothesis is
rejected in favour of the alternative hypothesis, indicat-
ing a transient in the mean value of a given sample set
of wind speed measurements. This hypothesis test is
performed in a window of a certain size which is mov-
ing in time, where the most recent value of the wind
speed enters the window and the oldest value is dis-
carded (leaves the window) at each step, updating the
sample set of wind speed measurements. The wind gust
detection mechanism is illustrated in Figure 4.
Notice that occurrence of a wind gust misdetection
event implies an unnecessary reduction of blade load
and hence turbine power. Therefore a sufficiently small
significance level should be chosen in the algorithm
described above to reduce a probability of a wind gust
mis-detection event.
Notice also that laser preview measurements of the
wind speed are usually provided with a lower rate (as a
rule the laser update rates do not exceed 10Hz, and the
most common rate is 1Hz, although higher sample
rates will be available at low cost in the future) than
measurement rates of other system variables such as
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Figure 4. Statistical detection of a wind gust. A wind speed
signal in m/s is plotted with a red line, with all the values divided
by ten. Ratio r = q2=s2 defined in equation (38) is plotted with a
black line. A wind gust is detected if the ratio r = q2=s2 is less
than the critical value taken from Table 13.6 of Hald.19
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generator speed, for example, Wang et al.3 Wind
speed measurements at a sufficiently long distance
(commonly around 100 m) in front of the turbine allow
preprocessing and suitable integration of the laser data
to control system, minimizing inaccuracies due to
undersampling.
Second event: determination of desired pitch angle for load
reduction and pitch actuation. As soon as the wind gust is
detected at a distance in front of the turbine, the pitch
angle should be increased in order to reduce bending
moments on the blades. The algorithm for determina-
tion of a desired pitch angle is explained in Figure 5.
The turbine at steady state is operated at tip–speed
ratio and pitch angle that correspond to the maximum
efficiency. This point (point A in Figure 5) is defined as
the intersection between the optimal line, in turn defin-
ing the maximum power coefficient at each value of the
pitch angle, and a constraint surface. An increment of
the wind speed implies a reduction of the tip–speed
ratio if the turbine speed does not change. The operat-
ing point is shifted from point A to point B, see Figure
5, when the wind gust arrives at the turbine. This in
turn implies a violation of the constraint on flapwise
bending moment. A desired pitch angle that copes with
the wind gust is defined from the intersection between
the line that corresponds to an expected after-wind-gust
tip–speed ratio on the flapwise bending moment sur-
face and the constraint surface, see point C on Figure
5. Such a pitch angle satisfies the constraint on flapwise
bending moment when the wind gust arrives at the tur-
bine. The desired pitch angle is sent to the pitch actua-
tor for actuation of the pitch command. The pitch
angle values, calculated using the algorithm described
above for a number of wind speeds, can be stored as a
look-up table, forming a preview-based feedforward
control strategy.
Third event: simultaneous closed-loop speed and pitch angle
control for power maximization and load tracking. As soon
as the actual pitch angle converges to the desired one
the turbine is prepared for load mitigation. When the
wind gust has arrived at the turbine and has been suc-
cessfully alleviated, the rotor speed and pitch angle
should be changed as fast as possible to the values that
correspond to the maximum power coefficient (point
A in Figure 5). A new desired turbine speed is calcu-
lated and the driveline control algorithm (14)–(16)
described earlier (section ‘Driveline control based on
integral backstepping’) is applied to drive the turbine
speed to the desired one. Simultaneously, the pitch
angle should be driven to the desired pitch under the
constraints on flapwise bending moment. The control-
ler for the pitch angle is based on a look-up table that
is inverse to the flapwise bending moment look-up
table Mf(l,b). This inverse look-up table M
1
f (l,Mfd)
shown in Figure 6 has two inputs: tip–speed ratio l
and desired flapwise bending moment Mfd. A pitch
regulator is defined as bdk=M
1
f (lk,Mfd), where
lk=vrkR=Vk, Vk is the wind speed measurements at
the turbine site and vrk is regulated by the control
algorithm (14)–(16). As a desired value of the flapwise
bending moment Mfd, the upper bound Cf, slightly
downshifted to account for variations, can be taken.
Hence, the flapwise bending moment is explicitly regu-
lated in a closed loop at this stage, and both rotor
speed and pitch angle converge rapidly to the values
that correspond to the maximum power coefficient.
The convergence of the pitch angle is guaranteed due
to the uniqueness of the optimal point on the lambda–
pitch angle plane. A time chart of all the events
described above is shown in Figure 7.
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Figure 5. Determination of a desired pitch angle under wind
gust. The turbine at steady state is operated at the maximum
efficiency point A that satisfies a constraint on a flapwise bending
moment. Point A is the meeting point of the optimal line and the
constraint surface. The optimal line, plotted with red round
signs and plus signs added defines a maximum power coefficient
at each value of the pitch angle. An increment of the wind speed
due to the wind gust moves the operating point from A to B. A
desired pitch angle that copes with the wind gust is defined as
point C.
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Figure 6. The inverse to the flapwise bending moment look-up
table Mf (l,b). The table gives a pitch angle as a function of tip–
speed ratio l and flapwise bending moment Mfd.
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Conclusion
A new and easy-to-implement proactive turbine control
concept has been described. The concept opens new
opportunities for simultaneous turbine and control sys-
tem design taking into account the constraints on
steady-state blade loads. This in turn allows a choice of
the optimal turbine operational modes associated with
a trade-off between blade load alleviation and turbine
power production.
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Appendix
Notation
Aerodynamic variables
Cp(l,b) power coefficient ()
Me(l,b) edgewise bending moment (N m)
Mf(l,b) flapwise bending moment (N m)
Pr rotor power (W=Kg m
2=s3)
Pwind wind power (W)
Ta aerodynamic torque (Nm=Kg m
2=s2)
V wind speed (m/s)
b blade pitch angle (deg)
_b blade pitch rate (deg/s)
l tip–speed ratio ()
Driveline variables
Tg generator torque (N m)
a torsion angle (rad)
_a torsion rate (rad/s)
vg generator speed (rad/s)
vr rotor speed (rad/s)
Parameters
A swept area (5.0265 103 m2)
Jg generator inertia (60 Kg m
2 = 60 N m s2)
Jr rotor inertia (9 10
6 Kg m2)
Kd damping coefficient (2.5 10
5 N m s/rad)
Ks stiffness coefficient (1.6 10
8 N m/rad)
N gear ratio (83)
R rotor radius (40 m)
td pitch actuator time delay (0.01 s)
r air density 1.269 (Kg/m3)
t pitch actuator time constant (0.25 s)
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